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Suppression of electromagnetic scattering from structures, especially in the backward direction, has been attracting continuous attention since before the 1960s, when radar invisibility technologies started to emerge. 1 One celebrated example of backscattering suppression includes the Salisbury screen, composed of a ground plane and a thin absorption layer, located at a distance of a quarter wavelength above it. As a result of the incident field's interaction with the structure, the reflected wave is efficiently absorbed in the layer and therefore backscattering is supressed. Concepts of this type of antireflection coating can be further extended to many different geometries, aiming to maximize the operational bandwidth and widen the functionality for a broader range of incident angles, have been thoroughly considered in the literature. [2] [3] [4] [5] Other notable examples of anti-reflection screens are the Dullenbach shield 6, 7 and the Jaumann absorber. 8 In general, Frequency Selective Surfaces (FSSs) with properly designed periodicities, capable of suppressing secondary diffraction orders, are extensively used in many applications. 9 Furthermore, the bianisotropy properties of structured surfaces were shown to supress spurious diffraction orders. 10 During the last decades, the concept of metasurfaces, which at this context can be viewed as overpopulated FSSs, started to develop. While the initial starting point of this research direction was a demonstration of on demand capabilities to manipulate visible light (e.g., Refs. [11] [12] [13] [14] , the concept was found to be very powerful for centimetre and millimetre wave designs (e.g., Refs. 15-19 also in application to thin perfectly absorbing layers 20, 21 ). One of the main contributions of the metasurface approach is to provide the ability of controlling the local phase of electromagnetic radiation and, as a result, tailor its reflection and refraction properties. An example of a metasurface based Salisbury screen was reported in Ref. 22 . Special attention was paid to nonreciprocal metasurfaces, which allowed achieving a high level of isolation by, for example, allowing transmission through the layer from one side, while blocking the wave coming from the opposite direction. 23 In contrast, the structure reported here obeys the reciprocity principle, as will be underlined hereafter.
The operation principle of the proposed structure is schematically illustrated in Fig. 1 . The electromagnetic wave interacts with the metasurface bi-layer, composed of an array of split ring resonators (SRRs) and electric wires. The reflection from the array depends on the incident direction-being illuminated from one side, the structure acts as a so-called Huygens surface, 24, 25 which suppresses back reflection. However, if the direction of incidence is flipped, the device acts as a mirror, reflecting the entire incident wave. It will be shown that this type of asymmetry depends on resistive losses and can be controlled by varying their nominals. As a result, the whole effect can possess tuneable behaviour. Those two aspects set the distinguishable differences and advantages of the proposed device over traditional inherently nontransparent Salisbury screens and allow additional valuable functionalities in controlling the electromagnetic interactions.
The manuscript is organized as follows: general discussion and numerical design of the metasurface will be demonstrated at first followed by the experimental verification. Discussion and outlook will conclude the report.
Magneto-electric interaction is an effective coupling mechanism between a pair of closely situated magnetic and electric dipoles. Metal split ring resonators and half-wavelength wires were taken for the practical realization of those basic elements. The coupling mechanism was investigated in, e.g., Refs. 26 and 27, where it was shown that the scattered electric field of the SRR couples to the wire, while the wire couples back to the SRR with its magnetic field. This analysis includes time retardation effects, hence electric and magnetic fields are mutually coupled. The magneto-electric coupling, in contrast, e.g., to the case of coupled electric dipoles, is fundamentally dependent on the propagation direction of the excitation, since the magnetic field must flip its sign under the time-reversal transformation. Based on this concept, the hybrid magneto-electric particle with asymmetric backscattering properties has been demonstrated. It is worth noting, that the strong asymmetry factor in the case of an isolated structure, is attributed to the far-field scattering diagram and not to the reflection coefficients, which are not well-defined in the case of a standalone magneto-electric particle. Furthermore, the detailed analysis shows that far-field radiation damping is required for achieving the effect. Here, the infinite array of hybrid magneto-electric particles is considered and optimized towards the asymmetric reflection performance. The mutual coupling between neighbouring elements was taken into account and both the geometry of the unit cell and the period were optimised towards achieving the maximal asymmetry factor. The starting point for the optimization was the array of magneto-electric particles, taken as if they are not mutually interacting. 26, 27 It is worth noting, that infinitely overpopulated arrays of resonators do not have diffraction orders and, as a result, Ohmic losses should be introduced as a dissipation channel. This loss-assisted asymmetry phenomenon will be analysed hereafter.
The performance of the optimised structure appears in Fig. 2 , where absolute values for transmission and reflection coefficients are demonstrated as the function of frequency. Resistive loads were implemented as lumped elements, plugged within the second gap of the SRR (Fig. 1) . Four different values have been considered-0, 1, 5, and 13 X. The geometry of the unit cell appears in Fig. [4(b) , inset]. The substrate is taken to be similar to lossless FR4 ( r ¼ 4:3 and 1.5 mm thick), while the 0.1 mm thick metallic strips were assumed to be made of a perfect electric conductor. This idealized structure was considered first for demonstration of the basic effect. The structure was analysed numerically with CST Microwave Studio. Periodic boundary conditions were applied along with a pair of waveguide ports in order to calculate transmission and reflection coefficients of the infinite array.
The reciprocal behaviour of the device can be seen in Fig.  2(a) , where exactly the same transmission is obtained for opposite incident directions. Since the device is made from passive, linear, and not magnetically biased components, this behaviour is expected. On the other hand, the case of reflection is completely different, as the reciprocity principle does not apply to the backscattered signal. Here, Figs. 2(b) and 2(c) should be compared. Since the overall energy of the wave is conserved and the transmission does not depend on the incidence direction, asymmetric losses immediately imply the asymmetric reflection. The comparison between the reflection coefficients, ) and (c) Reflection spectra for opposite illumination directions, indicated with þk (wire is closer to the source) and Àk (split ring resonator is closer) (see Fig. 1 ). Colour lines correspond to different nominal values of lumped resistors, as indicated in the captions. All other components were assumed to be lossless. 2018) shown in Figs. 2(b) and 2(c), demonstrates this behaviour. It is worth noting that without the resistive loads (red lines), the reflection spectra are almost identical. However, introduction of the resistance dramatically changes the balance between the reflection coefficients. Comparison between black lines, corresponding to 13 X load, demonstrates the effect. Under "Àk" illumination, the structure operates as a resonant Huygens surface (the reflection vanishes), but once illuminated from the opposite side, it behaves as a reflector with 90% efficiency. As in the case of the Huygens element, magnetic and electric dipoles within the structure are resonantly excited and destructively interfere in the backward direction. In order to study the influence of the resistive load on the asymmetric reflection, an asymmetry factor, similar to the visibility function in optics, is introduced as V ¼ R þk ÀR Àk R þk þR Àk . This normalized ratio is bounded between 0 and 1, since it is defined with the help of the absolute values of reflection amplitude coefficients [R; T 2 0; 1 ð Þ]. Note that R þk ! R Àk . Figure 3 shows the colour map of the reflection asymmetry factor (numerical value), as a function of the incident frequency and resistive load. The data from Fig. 2 corresponds to four vertical cuts of this colour map. The asymmetry factor has a clear maximum around 6.25 GHz (where the resonant response was designed) and a 13 X load. The data clearly shows that the asymmetry vanishes without the lumped resistance.
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However, if the losses increase, the resonance of the whole structure experiences a slight shift towards higher frequencies. The more important effect is that the quality factor/interaction between the magnetic and electric dipoles within the unit cell drops down. As a result, the asymmetry disappears, and the reflection coefficients tend to become symmetric again. This behaviour is somehow similar to the operation of a perfectly conducting mirror-despite having infinite conductivity, the structure has no losses, since the electromagnetic field does not penetrate inside the lossy material. Note that in our structure case, the transmission does not go to zero, in contrast to the perfect mirror case.
Losses within the substrate and metallic elements also play a role. In order to verify their importance, we introduced them into the previous lossless model. The loss tangent of the substrate is taken to be 0.025 and copper conductivity is 5.96 Â 10 3 S/m. The asymmetry factor for this structure appears in Fig. 3(b) . Comparison between panels (a) and (b) demonstrates that the losses in the constitutive elements effectively correspond to the additional nominal resistance of 2 X, while the asymmetric behaviour of the structure is preserved.
Experimental verification was performed in an anechoic chamber with three similar magneto-electric metasurfaces, which differed only by the nominal value of the resistors that were soldered into gaps of the split ring resonators. The dimensions of the unit cell appear in Fig. 4 (insets) . The finite array is based on 10 Â 10 unit cells, etched on a FR4 substrate. The array's response was measured over a band of 5-7.5 GHz using a network analyser, which fed a simultaneously transmitting and receiving horn, located at a distance of 3 m away from the sample array (standard S-parameters measurement). It should be noted that reflection coefficients for a finite size structure, situated in a free space, are not well defined. In contrast, backscattering cross sections were extracted by comparing the reflection with the calibration 38 mm diameter steel sphere. While this technique is used for obtaining real (not normalized) values of scattering cross-sections, lens antenna for quasi-Gaussian beam illumination or waveguide geometries are used to experimentally approach performances of infinite structures. Nevertheless, radar-type of applications fall in the first characterization category (scattering cross section investigation), which was employed here.
Figures 4(a) and 4(b) show the numerically extracted cross sections. It should also be noted that in the case of finite structures, loaded with lumped elements, both Ohmic resistances and radiation losses (e.g., as in the case of a single magneto-electric particle) contribute to the asymmetric A quite close correspondence between the measurements and full-wave simulation-based predictions (especially in the case of "Àk") can be observed. Oscillations on the experimental curves are quite typical and correspond to the multiple reflections from the excitation horn antennas, which are situated in the vicinity of the sample, as well as between diffracted waves at the sample edges.
The concept of asymmetric reflection in magnetoelectric metasurfaces was developed and shown to be reliably controllable through resistive losses. The continuous tuning of the reflection asymmetry factor was introduced. It was demonstrated that the structure can possess properties of the Huygens metasurface, being illuminated from one side, while acting as a good mirror if the illumination comes from the opposite direction. The controllable asymmetric reflection can find use in a span of smart electromagnetic devices, such as radar antireflection coatings, antenna array isolators, and more. Moreover, the resistive loss, essential for the asymmetric behaviour, can be controlled electronically with an additional driving circuit, which makes the demonstrated concept fully integrable with larger scale systems. The developed concepts can also be applied to optical devices via the scaling approaches (e.g., Refs. 28-32).
